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Abstract 
Magnesium (Mg) and its alloys offer great potential for reducing vehicular mass and energy 
consumption due to their inherently low densities. Historically, widespread applicability has been 
limited by low strength properties compared to other structural Al-, Ti- and Fe-based alloys. 
However, recent studies have demonstrated high-specific-strength in a number of nanocrystalline 
Mg-alloys. Even so, applications of these alloys would be restricted to low-temperature automotive 
components due to microstructural instability under high temperature creep loading. Hence, this 
work aims to gain a better understanding of creep and associated deformation behavior of columnar 
nanocrystalline Mg and Mg-yttrium (Y) (up to 3at.%Y(10wt.%Y)) with a grain size of 5 nm and 
10 nm. Using molecular dynamics (MD) simulations, nanocrystalline magnesium with and without 
local concentrations of yttrium is subjected to constant-stress loading ranging from 0 to 500 MPa 
at different initial temperatures ranging from 473 to 723 K. In pure Mg, the analyses of the 
diffusion coefficient and energy barrier reveal that at lower temperatures (i.e., T < ~423K) the 
contribution of grain boundary diffusion to the overall creep deformation is stronger that the 
contribution of lattice diffusion. However, at higher temperatures (T > ~423K) lattice diffusion 
dominates the overall creep behavior. Interestingly, for the first time, we have shown that 
the(101̅1), (101̅2),(101̅3) and (101̅6) boundary sliding energy is reduced with the addition of 
yttrium. This softening effect in the presence of yttrium suggests that the experimentally observed 
high temperature beneficial effects of yttrium addition is likely to be attributed to some 
combination of other reported creep strengthening mechanisms or phenomena such as formation 
of stable yttrium oxides at grain boundaries or increased forest dislocation-based hardening. 
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I. Introduction 
 
Increased global demand for energy-efficient yet safer materials in the automotive and aviation 
industries requires the development of new lightweight alloys. Among structural materials, 
Magnesium (Mg) has the highest strength-to-weight ratio. Moreover, Mg-alloys have excellent 
recyclability and are ideal for transportation applications providing enormous potential for energy 
savings [1–7]. However, magnesium has certain limitations when compared with other metallic 
systems and polymers [6]. Since magnesium has a hexagonal close packed (hcp) structure, it has 
a limited number of active slip systems at room temperature [8,9] which leads to failure in 
polycrystalline Mg-alloys at ambient conditions before dislocation glide can occur [10–12]. In an 
effort to overcome these low strength shortcomings, recent studies have considered the effects of 
adding certain alloying elements to magnesium, such as Al-Zn, Al-Si, Al-Ca, Al-Sr, Sn-Ca, Zr-Y, 
and minute traces of other rare-earth (RE) elements [6,13–23]. The objective of all these studies 
has been to qualitatively identify the principles governing solute and precipitate strengthening and 
ductility while improving manufacturability, as well as lowering production costs of the alloys 
(e.g., [17,24]). The studies have also shown that the alloying elements can cause Mg-alloys to 
either harden or soften by interacting with dislocations/twins/interfaces and/or forming favorable 
phases [24]. Rare earth elements (RE), in particular, have been found to generate the most 
favorable effects on the mechanical and physical properties of Mg-alloys, including improved 
creep and corrosion resistance [13,16–18,24–27]. The addition of RE to Mg-alloys, however, has 
been found to be cost prohibitive, so other solutions, such as RE reduction or replacement, are 
needed.  
Another approach to strengthening Mg alloys has been through the route of grain refinement 
to the nanoscale.  Recent studies have revealed extremely high hardness and strengths in excess of 
500MPa in nanocrystalline Mg alloys [28–31]; however, in-depth studies of the governing high 
temperature deformation mechanisms and behavior in these nanocrystalline Mg-alloys (and other 
hcp alloys for that matter) have yet to be reported. In order to develop additional, cost-effective, 
high-strength alloys with suitable high temperature properties, a better understanding of the 
deformation mechanisms governing nanostructured Mg-alloy performance is necessary. 
High-temperature deformation mechanisms, such as creep in coarse-grained magnesium and 
its alloys, have been extensively studied over the years, and detailed reviews can be found in 
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[2,4,18,24]. These studies reveal clearly that higher temperature creep loading leads to reduction 
in the load-bearing capacity of coarse-grained Mg-alloys. Specifically, during creep, the strain is 
accumulated either by diffusional flow through the interfaces (Nabarro-Herring creep [32,33]), 
diffusional flow along interfaces (Coble creep [34]), interface sliding (Raj and Ashby [35]), or 
dislocation motion (climb/glide [36]). In general, these creep mechanisms/models have been 
vigorously debated (e.g., see [24]) mostly due to the inability of certain models to accurately 
predict creep behavior across materials with varying microstructures. In recent experimental 
studies, the important role played by microstructural attributes, such as grain size and 
solutes/phases segregated to the grain boundary (GB) in the creep behavior of Mg-alloys [15,18], 
was demonstrated. It was found that with increasing grain size, the creep rate decreased with an 
attendant loss in room temperature yield strength as predicted by the Hall-Petch equation [37–40]. 
On the other hand, grain-size refinement could be controlled by the addition of micro-alloys such 
as zirconium [15,41]. Thus, with a balance between goals for optimal grain size and room-
temperature strength, creep deformation behavior potentially could be enhanced by elucidating the 
deformation mechanisms necessary to engineer GBs with solutes such as yttrium (Y). 
In the case of coarse-grained Mg-Y alloys, several experimental and modeling techniques have 
been employed to reveal the fundamental mechanisms related to yttrium solute interaction with 
material microstructure under various stress-states and environments (i.e., creep, dynamic loading, 
etc.) as well as the mechanisms’ subsequent effect on engineering properties. It has been reported 
that the addition of yttrium leads to (a) improved ductility and homogeneous deformation due to 
activation of <c+a> dislocations [11,20,21,42], (b) improved creep resistances due to forest 
dislocation hardening [18], (c) retardation of the kinetics associated with static recrystallization 
and grain coarsening, which suggest pinning of grain boundaries [14], (d) grain boundary 
rotation/sliding preventing the nucleation and propagation of cracks [19], and (e) improved 
corrosion resistance due to the formation of an enhanced oxide film [43,44]. 
In this paper, extensive molecular statics (MS) and molecular dynamics (MD) simulation 
results are presented to elucidate the effect of grain size (5 nm to 15 nm) and grain boundaries with 
various yttrium concentrations (1 to 3 at.% Y or 3.56 to 10.16 wt.% Y) on diffusional creep and 
deformation mechanisms of nanocrystalline magnesium. Further, to overcome the relatively short 
time interval of MD simulation, we also performed simulations at elevated temperatures where the 
distinct effects of GB diffusion (liquid-like fast GB diffusion) are clearly identifiable (see the work 
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of [45,46]). Other notable atomistic work on the kinetic and thermodynamic minimization of grain 
growth includes those by Schuh, Millett, and other researchers [45–52]. This paper is organized as 
follows. The next section describes the computational methods employed (interatomic potentials, 
creep deformation modeling, and grain boundary sliding). Then, we present several different 
characterizations of nanocrystalline magnesium and magnesium with yttrium creep deformation 
behavior: (1) diffusional analysis with varying grain sizes at 0 MPa, (2) diffusional analysis with 
varying concentrations of Yttrium at 0 MPa, (3) diffusional analysis with varying grain sizes at 
500 MPa, (4) diffusional analysis with varying concentrations of Yttrium at 500 MPa, and (5) the 
effect of yttrium on grain boundary sliding. First part of the paper presents an extensive study on 
the creep behavior of nanocrystalline magnesium at different temperatures and grain sizes. We 
show that for nanocrystalline magnesium samples, the analyses of the diffusion coefficient and 
energy barrier reveals that at lower temperatures (i.e. T < 423K) the contribution of grain boundary 
diffusion to the overall creep deformation is stronger that the contribution of lattice diffusion. 
However, at higher temperatures (T > 423K) lattice diffusion dominates the overall creep behavior. 
Further, we used pure nanocrystalline magnesium creep data to effectively compare creep 
responses of nanocrystalline Mg-Y. We observed a negligible change (within the fitting error) in 
the overall secondary creep rate, with creep activation energy changing from 1.128 to 1.154 eV 
for 0 to 3 at.% Y, respectively, indicating that stage two creep activity is insensitive to Y for a 
given grain size. We have studied and shown that(101̅1), (101̅2),(101̅3) and (101̅6) boundary 
sliding energy is reduced with the addition of yttrium. This softening effect in the presence of 
yttrium suggests that the experimentally observed high temperature beneficial effects of yttrium 
addition could be attributed to other mechanisms or phenomena such as formation of stable yttrium 
oxides at grain boundaries or increased forest dislocation-based hardening.  
 
II. Computational methods 
A. Interatomic potential and crystal properties 
 
MS and MD calculations were performed using a large-scale atomic/molecular massively 
parallel simulator, LAMMPS [53]. A semi-empirical embedded atom potential (EAM), developed 
by Pei et al. [42], was used to describe the Mg-Y system. The interatomic potential parameters 
were derived from a fitting method using isothermal compressibility data up to 2000 K (1727 ˚C). 
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Moreover, the potential was developed by also fitting the vacancy migration energy as well as with 
different Mg-Y crystal structures. More details on the validation of EAM potential at different 
temperatures can be found in Pei et al. [42]. Table 1 lists the cohesive energy of magnesium and 
yttrium as well as other bulk properties and its comparison with density functional theory (DFT) 
data [54], our own DFT data (see the supplemental section) , and experimental results [55]. This 
potential has also been used to study yttrium effects on the reduction of the unstable stacking fault 
energy of basal slip systems and has shown good agreement with DFT and experimental results 
[42]. These prior findings with the aforementioned potential rationalize its application for studying 
the yttrium effect on the deformation of nanocrystalline Mg. 
 
B. Creep deformation of nanocrystalline magnesium 
 
A parallel molecular dynamics code (LAMMPS) [53] was used to deform the nanocrystalline 
magnesium samples of 5-15 nm grain dimension as shown in Figure 1. The Voronoi tessellation 
method [56] was used to construct [112̅0] columnar samples of 5.6 nm thickness containing 4 
grains of identical hexagonal shape within periodic simulation cells (see more detailed in [45,46]). 
After generating the desired magnesium nanocrystalline model, grain boundary atoms were 
selected based on a cohesive energy of the atom greater than -1.45 eV. Then, yttrium atoms were 
randomly doped along the grain boundary to obtain the desired concentrations (1~3at. % or 
3~10wt. %). Doping at the boundaries was based on the McLean segregation model, which 
predicts the majority of Y will preferentially segregate to grain boundaries at elevated temperatures 
(see work of [57]).The total number of atoms in a simulation cell was in the range of 250000-1 
million atoms (with approximate box sizes in the range of 30-65 nm X 35-70 nm X 5.5 nm). The 
samples were first relaxed at the desired temperature using an NVT (conserving the number of 
atoms, volume, and temperature) ensemble for 15 ns followed by an independent relaxation in 
three directions using an NPT (conserving the number of atoms, pressure, and temperature to 
mimic bulk behavior) ensemble for another 10 ns with zero pressure in all the directions. These 
relaxations are performed to uniformly distribute the excess free energy through the whole system. 
Atomistic simulations were carried out using an MD time step of 1 fs. A periodic boundary 
condition was adopted in all directions. A constant stress ranging from 0 to 500 MPa was applied 
along the Y direction at different temperatures ranging from 423 K to 723 K (150 ˚C – 450 ˚C), 
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whereas deformation in the other two directions was carried out by maintaining a zero pressure, 
according to the Parrinello-Rahman method [58]. The desired stresses were applied in the 
incremental form (a 5 MPa step) and then simulations were run at a constant applied stress for 15 
ns or until failure. 
 
C. Grain boundary sliding 
 
Understanding the structure and energy of grain boundaries in engineering materials is crucial 
because grain boundary properties can vary widely (e.g., coherent twin versus low angle versus 
high angle grain boundaries). To investigate grain boundary sliding behavior, we employed MS 
simulations. The simulation cell used for quantifying the grain boundary sliding behavior is 
constructed as follows. The initial single crystals were created with x, y, and z along the [01̅10], 
[0001], and [12̅10] directions, respectively, for the [12̅10] tilt axis. Then the equilibrium 0 K 
grain boundary structure and energy was calculated using a bicrystal computational cell with three-
dimensional (3D) periodic boundary conditions consisting of two grains. The minimum distance 
between the two periodic boundaries in each computational cell was 12 nm along the x direction. 
The minimum dimensions for the entire bicrystal at equilibrium were approximately 12 nm × 10 
nm × 5 nm. As with past work [59–67] and others [68–70], an atom deletion criterion, multiple 
initial configurations, and various in-plane rigid body translations were utilized to accurately 
obtain an optimal minimum energy GB structure via the nonlinear conjugate gradient energy 
minimization process. Further details on the GB generation technique and GB structures of HCP 
materials are given in Bhatia and Solanki [59], and Wang and Beyerlein [71]. Figure 2a shows 
optimum grain boundary energies as a function of the misorientation angle for the [12̅10] tilt axis 
(after many (100’s of) different in-plane rigid body translations). The energy cusps for the [12̅10] 
system were identified as (101̅3) θ = 32.15°, (101̅2) θ = 43.31°, and  (101̅1) θ = 62.06° twin 
boundaries, and (202̅1) θ = 75.21° grain boundary, in order of increasing misorientation angle.  
These stable (equilibrium) twin boundaries along with high angle ((202̅1) θ = 75.21°) and 
low angle ((101̅6) θ = 17.01°) grain boundaries were then selected for further analyses, and 
represent a smaller range of boundaries than that experimentally observed in poly/nanocrystalline 
magnesium. To simulate the grain boundary sliding and illustrate the effect of yttrium (grain 
boundaries where doped randomly at high segregation potency sites), periodic boundaries were 
maintained along the x and z directions; whereas, a shrink-wrapped boundary condition was 
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prescribed along the third direction (y axis). An incremental shear displacement of 0.01% was 
applied on the top grain in the z ([12̅10]) direction. Each displacement increment was followed 
by a nonlinear conjugate gradient energy minimization process with force criteria of 1 pN on each 
atom in the top grain along the y direction. Figure 2b depicts a sketch of twin boundary sliding. 
The excess energy was then plotted as a function of applied shear displacement. The excess energy 
(𝐸𝑒𝑥) is calculated based on  
 
𝐸𝑒𝑥 =
𝐸𝑑𝑖𝑠−𝐸𝑔𝑏
𝐴
                                                                                                                          (1) 
 
where 𝐸𝑒𝑥 is the excess energy required to shear the boundary, 𝐸𝑑𝑖𝑠 is the total energy when the 
boundary is displaced by some finite amount, 𝐸𝑔𝑏 is the boundary energy and A is the area of the 
boundary. 
 
III Results and Discussion 
A. Diffusional analysis with varying grain sizes at 0 MPa 
 
To study the diffusional mechanisms of nanocrystalline Mg, equilibrated structures with different 
grain sizes were annealed for 500 ps in the temperature range of 473 K to 723 K under zero applied 
load condition. These simulations were used to calculate the mean square displacement (MSD) 
values as 
 
𝑀𝑆𝐷 =  ∑ (𝑟𝑖(𝑡) − 𝑟𝑖(0))
2𝑁
𝑖=1                                                                                                        (2) 
 
at different constant temperatures, where N is the number of atoms, 𝑟𝑖(𝑡) is the position of an atom 
at any instant t, and 𝑟𝑖(0) is the initial position of an atom at t = 0. For the GB simulations, we 
used ± 8Å as an effective thickness of the GB region to calculate the GB self-diffusivity using the 
MSD technique. From the MSD values, the diffusion coefficient was computed with the help of 
Einstein’s equation as follows: 
 
𝑀𝑆𝐷 = 6𝐷𝑡,                                                                                                     (3) 
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where D is the diffusion coefficient, and t is the time. Diffusion in an HCP crystal is anisotropic 
and depends on the crystal c/a ratio as shown in the work of Mantina et al. [72]. In this study, our 
objective was to clarify the effect of yttrium on grain boundary diffusion and the mechanism of 
grain boundary deformation. Hence, the lattice diffusion of magnesium in the grain and along the 
grain boundary is assumed to be isotropic. Moreover, it is also understood that as each grain is 
oriented at a different angle to the loading orientation, the overall diffusion will be isotropic. 
Initially, to differentiate different dominant mechanisms (i.e., lattice versus grain boundary), we 
calculated the activation energy for the lattice and grain boundary (GB) diffusions; see the 
supplemental section for more detail. The activation energy for the bulk was found to be 0.73 eV 
and for the grain boundary (bi-crystal) was found to be ~0.55 eV (see the supplemental section). 
 
Figure 3 shows Arrhenius plots for self-diffusion of all magnesium atoms (including the grain 
boundary atoms contributions) in nanocrystalline magnesium with different grain sizes that are 
given as follows: 
 
𝐷 = 𝐷𝑜𝑒
−𝑄/𝑘𝑇                                                                                               (4) 
 
where 𝐷𝑜 is the maximum diffusion coefficient at infinite temperature, Q is the activation energy, 
k is the Boltzmann constant, and T is the temperature. In order to obtain values of absolute low 
temperature diffusion and high temperature diffusion coefficients, activation penetration curves 
were obtained at various temperatures. To compute two distinct slopes, we used Johnson’s 
relationship [73] along with Fisher’s analysis [74], i.e., the logarithmic activities varies linearly 
with the depth of penetration rather than with quadratic. For a lower temperature range, the slope 
of whole system diffusion is closer to the grain boundary atom diffusion slope (see the 
supplemental section). For example, the activation energy for the 15 nm columnar grain model 
was 0.45 eV, which is comparable to the 0.55 eV activation energy found using bi-crystal models. 
The difference in activation energies at a lower temperature range is because the diffusion 
contribution from a fraction of grain boundary atoms (0.020) in a columnar grain is greater than 
the fraction of grain boundary atoms (0.014) in the bi-crystal model. In contrast, for a higher 
temperature range, the slope is closer to the bulk atom slope. The activation energy for the bulk 
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was found to be 0.73 eV (see the supplemental section), which is comparable with the activation 
energy of 0.714 eV that was found for a 10 nm columnar grain model at high temperature (Figure 
3). Hence, at lower temperature, grain boundary atoms dominate the diffusion process, whereas at 
higher temperature (> 0.7Tm), bulk atoms contribute significantly to the diffusion process. For the 
remainder of the manuscript, the high temperature diffusion is labeled as “lattice diffusion” and 
the low temperature diffusion is labeled as “grain boundary diffusion”.                   
 
As the grain size increases, the activation energy for GB diffusion and for lattice diffusion also 
increases. Table 2 lists the respective activation energies for all magnesium atoms (including the 
grain boundary atoms contributions) in nanocrystalline magnesium with different grain sizes. It is 
to be noted that the fraction of GB atoms increases as the grain size decreases. Hence, with smaller 
grain sizes, the contribution from the GB diffusion increases and dominates the creep deformation 
mechanism as predicted by the activation energy ratio 𝑄𝑅 =  𝑄𝑙𝑡/𝑄ℎ𝑡, where 𝑄𝑙𝑡 is the diffusion 
activation energy of the whole system at lower temperature, and 𝑄ℎ𝑡 is the diffusion activation 
energy of the whole system at higher temperature. For the nanocrystalline magnesium with 5 nm 
grain size, 𝑄𝑅 is equal to 0.558, and hence, the activation energy of low temperature diffusion 
(0.384 eV) is much lower than the activation energy of high temperature diffusion (0.688 eV). As 
the grain size increases, the activation energy also increases, but the rate of increase in activation 
energy for the high temperature diffusion is slower than for the low temperature diffusion. 
Moreover, the fraction of the contribution of the GB atom to total diffusion also decreases. Hence, 
at 15 nm grain size, 𝑄𝑅 is equal to 0.599. Further work is required to find out the grain size at 
which there is a transition from the GB diffusion to the lattice diffusion mechanism. 
 
B. Diffusional analysis with varying concentrations of Yttrium at 0 MPa 
 
To monitor the diffusion paths of the GB atoms, the equilibrated 5 nm grain nanocrystalline 
structure with different initial concentration of yttrium was annealed for 250 ps under zero applied 
stress in the temperature range of 423 K to 723 K. These equilibrated structures were used to 
calculate mean square displacement (MSD) at given temperatures of interest. Figure 4 shows the 
MSD evolutions for the magnesium and yttrium atoms at grain boundaries for different 
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temperatures. These results suggest a linear increase in MSD values for both magnesium and 
yttrium, with magnesium being more mobile than yttrium. 
 
Figure 5 shows the Arrhenius plots for diffusion of magnesium and yttrium at the grain boundary 
in 5nm grain size Mg-1at.%Y (or 3.5wt.%Y). Figure 3 is related to diffusion of the total system 
(including grain boundaries); whereas, Figure 5 is diffusion of just grain boundary atoms. In the 
case of Mg-1at.%Y (or 3.5wt.%Y) in a low temperature range, the activation energy for diffusion 
of yttrium, 0.094 eV, is lower than that of magnesium, 0.279 eV. In contrast, for a higher 
temperature range, the activation energy for diffusion of yttrium, 0.93 eV, is higher than that of 
magnesium, 0.659 eV. However, in the case of Mg-3at.%Y (or 10.16wt.%Y) at high temperature, 
the activation energy for diffusion of magnesium and yttrium decreases when compared with Mg-
1at.%Y (or 3.56wt.%Y). Table 3 lists the respective activation energies for diffusion of magnesium 
and yttrium at the grain boundary in nanocrystalline magnesium with different yttrium 
concentrations. From table 3, we can conclude that the addition of yttrium increases the activation 
energy for grain boundary magnesium atoms compared to the activation energy of grain boundary 
magnesium atoms with no yttrium. Hence, the mobility of magnesium decreases with the addition 
of yttrium. This has general implications on the grain boundary decohesion and grain boundary 
sliding energy which will be discussed later in the diffusional and grain boundary sections.  
 
C. Diffusional analysis with varying grain sizes at 500 MPa 
 
To study the effect of applied loads, a constant applied stress of 500 MPa was applied in the y 
direction, and lateral dimensions were held at 0 MPa. The magnitude of the applied stress was low 
enough to ensure that no dislocations were nucleated from the GBs. Figure 6 shows the strain as a 
function of time at 623 K with different grain sizes. Creep behavior in Figure 6 is divided into 
three regions, as is observed in many materials. In Region I (primary creep), there is an 
instantaneous response, followed by a decreasing rate of strain with an increase in time. In Region 
II (secondary creep), the strain increases linearly with time. In Region III (tertiary creep), the strain 
increases rapidly with time. Most of the damage or fracture is experimentally observed in Region 
III due to voids and crack nucleation. We also observe, as shown in Figure 6, that the secondary 
creep in the 5 nm grain sample is short-lived in comparison to the 10 nm and 15 nm grain samples. 
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Based on these results, the 10 nm grain sample was used to explore further the effect of yttrium on 
the steady state creep regime. The main objective here was to determine whether alloying elements 
such as yttrium could delay tertiary creep by prolonging the secondary creep regime.     
 
An empirical equation, which describes the strain-time relation, is given by  
 
𝜀̇ = 𝐶 (

𝐺
)
𝑚 1
𝑑𝑏
𝑒−𝑄/𝑘𝑇                                                                                              (5) 
 
where m and b are the stress and grain size exponents, respectively, C is the material constant, 𝜀̇ is 
the secondary creep rate, 𝐺 is the shear modulus,  is the applied stress, d is the mean grain size, 
and Q is the creep activation energy. The variables Q, m, and b are important in differentiating 
various creep deformation mechanisms (see more details in [46]). For example, if Q is equal to the 
activation energy for the solute diffusion with m=3 and b =0, this would indicates that the glide-
controlled dislocation creep would be the creep mechanism [75,76]. Figure 7a shows an Arrhenius 
plot for the steady-state creep rates of nanocrystalline magnesium with different grain sizes for a 
temperature range of 573 K to 723 K. The increase in the creep rate with increasing temperature 
indicates that the deformation is thermally activated, indicative of a diffusion-driven creep 
mechanism.  
 
The creep activation energy for 5nm and 15nm grain sizes was found to be 1.047 eV (101 kJ/mol) 
and 1.533 eV (148 kJ/mol), respectively. In the case of coarse-grained magnesium, the 
experimental range of 106 to 220 kJ/mol has been reported in the literature [24] for different 
applied stresses and temperature ranges. A double logarithmic plot of the steady state creep rate as 
a function of the applied stress for 5 nm Mg at various temperatures is shown in Figure 7b. The 
stress exponent, m, was found to be 2.67 at 673 K and about 1.77 at 723 K.  Furthermore, Figure 
7c shows the grain size dependence of the secondary creep rate for a temperature range of 573 K 
to 723 K at an applied stress of 500 MPa. At a higher temperature, the strain rate was inversely 
proportional to the grain size with exponent b = ~1.0 – 2.0, which is comparable to the 
experimental work of del Valle and Ruano [76] on ultra-fine grain magnesium produced using 
non-equilibrium processes. 
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D. Diffusional analysis with varying concentrations of Yttrium at 500 MPa 
 
Figure 8 shows strain as a function of time for a 10 nm-grain nanocrystalline sample with different 
concentrations of yttrium at 673 K and with an applied constant stress of 500 MPa. 10 nm-grain 
sample was utilized so that all three regions of creep behavior could be observed and the role of 
yttrium could be assessed. Initially, for the pure nanocrystalline magnesium sample, the material 
is seen to deform elastically until t = 20 ps. Thereafter, the strain increases linearly at a constant 
creep rate, as shown in Figure 8. In the tertiary creep region (Region III), there is a sudden increase 
in the strain rate which results in an intergranular fracture as shown in Figure 9a. Note that similar 
intergranular fracture was observed in pure 3D nanocrystalline Mg specimens with varying grain 
sizes and morphologies, see [77]. With the addition of yttrium, the creep deformation mechanism 
is changed from grain boundary decohesion to grain shrinkage and rotation as shown in Figure 9. 
Interestingly, with the addition of yttrium, the transition from the nucleation/propagation of cracks 
to the enhanced grain boundary behavior was also experimentally observed under dynamic strain 
rate conditions in the Mg-Y alloy [19]. Creep rate for the tertiary creep region with 1 at.% Y is 
lower than that for 2 at.% and 3 at.% Y, as seen in Figures 8 and 10. Finally, Figure 10 shows an 
Arrhenius plot for the creep rates of nanocrystalline magnesium with different concentrations of 
yttrium for a range of temperatures from 573 K to 723 K. We therefore observe a negligible change 
(within the fitting error) in the overall secondary creep rate with creep activation energy changes 
from 1.128 to 1.154 eV for 0 to 3 at.% Y as shown in Figure 10. This could be due to a multitude 
of factors. For example, in present work the concentration of yttrium is limited to the GB only, 
which will result in significantly lower global concentrations as compared to experiments. 
Nevertheless, from table 3, we can conclude that the addition of yttrium increases the activation 
energy for grain boundary magnesium atoms compared to the activation energy of grain boundary 
magnesium atoms with no yttrium. Hence, the mobility of magnesium decreases with the addition 
of yttrium, which prevents the grain boundary decohesion (figure 9). Moreover, the addition of 
yttrium stabilizes the grain boundary and decreases the sliding energy of grain boundary (figure 
11). 
 
E. Effect of yttrium on the grain boundary sliding 
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In the 10 nm grain size magnesium (including non-equilibrium grain boundaries) with an 
addition of yttrium, there was grain shrinkage and rotation as shown in Figures 9b-c. To further 
investigate the possibility of enhanced grain boundary sliding with the addition of yttrium, we 
examined the grain boundary sliding excess energy as a function of applied displacement along 
the <12̅10> direction of (101̅1), (101̅2), (101̅3), and (101̅6) boundaries using MS. Figure 11 
shows the excess energy required to induce grain boundary sliding in (101̅1) and 
(101̅3) boundaries. Overall, the excess energy for the grain boundary sliding decreases with the 
addition of yttrium as compared to the pristine boundaries. On average, the decrease is about 2.7, 
11.3, and 15.3 % with addition of 12.5 at.% Y for the (101̅2), (101̅3), and (101̅1) boundaries, 
respectively (Table 4). Evidence for the occurrence of enhanced grain-boundary shearing with 
addition of yttrium suggests that the diffusion creep must be accompanied by grain-boundary 
sliding. Moreover, yttrium has a softening effect on the sliding of boundaries which suggests that 
the experimentally observed high temperature beneficial effects of yttrium addition could be 
attributed to some other mechanisms or phenomena such as formation of stable yttrium oxides at 
grain boundaries [43,44,78], increased forest dislocation based hardening [11,20,21,42], or large 
grain boundary yttria and precipitate denuded zones near the grain boundaries causing material 
softening. Furthermore, it has been experimentally shown that in aged Mg-Y alloys, due to a 
supersaturated solid-solution state within the grains, dynamic precipitation (two pseudo-
equilibrium phases) can occur during creep [18,26,27]. Hence, further experimental and modeling 
efforts are needed to elucidate the exact mechanism associated with the excellent reported creep 
resistance of Mg–Y solid-solution alloys. 
 
IV Conclusions 
 
With the addition of yttrium, experimentally it has been shown that there is significant 
improvement in ductility, creep resistance, retardation of grain coarsening, grain boundary 
rotation/sliding [19], and corrosion resistances for coarse grained Mg-alloys. The improvement in 
mechanical behavior reported to be due to some combination of the following phenomena: the 
activation of <c+a> dislocations [11,20,21,42], forest dislocation hardening [18], inhabitance of 
the static recrystallization [14], and formation of an enhanced oxide film [43,44].  In this paper, 
we reveal and elucidate the high-temperature deformation behavior and mechanisms of 
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nanocrystalline magnesium with and without yttrium for a temperature range of 573 K to 723 K 
under constant stress loadings. Our simulations show that with the addition of alloying elements 
such as yttrium, the creep rate in the secondary region changes negligibly. However, with the 
addition of yttrium, the creep deformation mechanism is changed from grain boundary decohesion 
to grain shrinkage and rotation. The following conclusions can be drawn from this work: 
 
1. For nanocrystalline magnesium, in the absence of external load, we observed the transition 
temperature from the GB-dominant to lattice-dominant diffusion mechanism at 573 K. 
Similarly, in the absence of external load for the case of Mg-1 at.% Y, at a lower temperature 
range, the activation energy of yttrium diffusion, 0.094 eV, is lower than that of Mg, 0.279 eV. 
In contrast, for a higher temperature range, the activation energy of yttrium diffusion, 0.93 eV, 
is higher than that of magnesium, 0.659 eV. However, in the case of Mg-3 at.% Y, for high 
temperature, the activation energy for diffusion of magnesium and yttrium decreases when 
compared with Mg-1 at.% Y.  
2. The creep activation for 5 nm and 15 nm grain sizes in pure nanocrystalline magnesium 
samples was found to be 1.047 eV (101 kJ/mol) and 1.533 eV (148 kJ/mol), respectively. In 
the case of coarse-grained magnesium,  the experimental range of 106 to 220 kJ/mol is reported 
in literature [24] for different applied stresses and temperature ranges.  
3. The stress exponents, m, were found to be 2.67 at 673 K and about 1.77 at 723 K.  Furthermore, 
at a higher temperature, the strain rate was inversely proportional to the grain size with 
exponent b = ~1.0 – 2.0 which is analogous to the experimental work of del Valle and Ruano 
[76] using ultra-fine grain magnesium. 
4. With the addition of alloying elements such as yttrium, the creep rate in the secondary region 
decreases and the creep deformation mechanism is changed from grain boundary decohesion 
to grain boundary rotation/sliding. Similarly, a change in mechanisms with addition of yttrium 
was observed under dynamic high strain rate experiments [19]. 
5. Finally, (101̅1), (101̅2), (101̅3), and (101̅6) boundary sliding simulations using MS show 
there is a reduction in the excess energy needed for sliding with the addition of yttrium. Hence, 
yttrium has a softening effect on the sliding of boundaries which suggests that the 
experimentally observed high temperature beneficial effects of yttrium addition is likely to be 
attributed to some combination of other reported creep strengthening mechanisms or 
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phenomena such as formation of stable yttrium oxides at grain boundaries [43,44,78], 
increased forest dislocation based hardening [11,20,21,42], or large grain boundary yttria and 
precipitate denuded zones near the grain boundaries causing material softening. 
 
Further experimental and modeling investigations are needed to elucidate the exact mechanism 
associated with the excellent creep resistance of Mg–Y solid-solution alloys. However, the 
perspectives presented here provide a physical basis through mechanism-oriented atomistic study 
for understanding the relationship between critical microstructure such as GB/solute interactions, 
and mechanical properties [79–85]. This will, in turn, provide a better understanding of critical 
microstructures and their role on mechanical behavior for materials design of complex structural 
alloys. 
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